The objective of this experiment was to compare the effects of diets with either a non-fermentable fibre source (cellulose) or a fermentable fibre source [galacto-oligosaccharide (GOS)], combined with different levels of dietary fat, on the development of colorectal cancer. Male Wistar rats were fed AIN 76 -based diets with either a low or high level of cellulose, or a low or high level of GOS, for 9 months. The fat content of the diets was low, medium or high. All rats were treated with 1,2-dimethylhydrazine to induce colorectal tumours. Generally, the tumour incidence increased with increasing fat content in the diet. Despite marked faeces bulking, dietary cellulose either had no effect or an enhancing effect on the formation of colorectal tumours in general, although the development of carcinomas was decreased. GOS appeared to be highly protective against the development of colorectal tumours, as was demonstrated by an inhibitory effect on tumour incidence, multiplicity and size, regardless of the fat content of the diet. Neither fibre source influenced the bromodeoxyuridine labelling index determined in colon crypts or tumours. In animals fed high-GOS diets, the caecal content was significantly increased in weight and significantly decreased in pH. It was concluded that tumorigenesis was enhanced by increased fat content of the diet, and that the diets containing fermentable GOS conferred a greater protection against colorectal cancer than did the diets containing nonfermentable cellulose.
Introduction
Epidemiological data indicate that diet is probably the most important modulator of human cancer, especially cancer of the alimentary tract. Fat and fibre are thought to be major elements in the concept of dietary factors associated with increased or decreased cancer risk. This is supported by a vast amount of (meta)epidemiological and experimental data, indicating that fat has a promoting effect and fibre an inhibitory effect on carcinogenesis (1) (2) (3) (4) (5) (6) (7) (8) (9) . Diets rich in fruits and vegetables have been associated with reduced rates of cancer. In the classical definition, dietary fibre is the sum of lignin and polysaccharides originating from plants that are not digested by the enzymes of the small intestines, but may be degraded by microbial fermentation in the large intestines. Some fibres, such as cellulose, are (practically) not fermented and leave the body unaltered. They result in faeces bulking and consequent dilution of luminal carcinogens and promoters. Furthermore, by bulking of the stool, its transit is accelerated, reducing the exposure time to irritants and (co-)carcinogens. Galacto-oligosaccharides (GOS) belong, together with fructo-oligosaccharides (FOS) and inulin, to the group of non-digestible carbohydrates (NDO). NDO may be regarded as soluble dietary fibres as regards their compliance with a generally accepted definition of dietary fibre including both biochemical and nutritional/physiological criteria. This definition, in which the non-digestibility of foodstuffs is particularly stressed, has been proposed and is promoted by the Food Industry ad hoc working group on dietary fibre, an association of European food manufacturers in which also dietary fibre producers participate (10) . GOS, along with other soluble fibres, is a fermentable substrate for anaerobic bacteria in the large intestines. The main fermentation products are the short chain fatty acids acetate, propionate and butyrate. Short chain fatty acids reduce the colonic pH, which results in precipitation of bile acids and inhibition of the formation of secondary bile acids. High concentrations of secondary bile acids have been associated with an increased colon cancer risk.
The present paper describes experiments investigating the effects of dietary cellulose and GOS on the development of dimethylhydrazine-induced colorectal cancer in rats fed low-, medium-or high-fat diets. The expected protective effects of the two types of dietary fibre used in this experiment are based on different mechanisms. The objective of this study is to find out which type of fibre confers the most effective protection against colorectal cancer and whether the protective effect is influenced by the level of dietary fat. Table I . The diets contained about equal amounts of vitamins and minerals per unit of energy, and were prepared freshly every 2 months and stored at -20°C until use. The percentage of linoleic acid (from safflower oil, Adams Vegetable Oils, Rotterdam, The Netherlands) was kept at a constant level in the different diets. The fat content in the MF and HF diets was increased by adding a high-oleic sunflower oil (Trisun; Contined, Bennekom, The Netherlands) to avoid a possible effect of different levels of linoleic acid on the tumorigenesis. The appearance of GOS was a syrup containing 75 wt% dry substance. The composition of the dry substance was (w/w) 58.8% GOS, 21.3% lactose, 19.3% glucose and 1.1% galactose. The syrup was mixed with water to yield a GOS syrup containing 65 wt% dry substance.
Materials and methods

Animals and diets
Treatment and housing
All animals were treated with 10 weekly subcutaneous injections with 50 mg/ kg body wt 1,2-dimethylhydrazine (DMH; Sigma, Brussels, Belgium). The LGOS and HGOS, low and high galacto-oligosaccharide. The energy content of GOS is assumed to be 12.6 kJ/g (13) . The calculated energy intake showed marginal differences between the groups,~10% or less. LGOS and HGOS, low and high galacto-oligosaccharide. The faeces production of animals fed an HC diet was markedly increased.
first injection was given 3 weeks after the start of the experiment. The animals were housed in macrolon cages with bedding, three animals per cage, from the start of the study up to 3 weeks after the treatment with carcinogen. Thereafter, the animals were housed in suspended stainless steel cages with wire mesh floor and front, three animals per cage. Feed and tap water were available ad libitum. The relative humidity was kept between 30 and 70%.
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The number of air changes was~10/h. Lighting was artificial by fluorescent tubes and time switch controlled at a sequence of 12 h light, 12 h dark.
In-life measurements
Food intake and body weight of all animals were recorded on a regular basis. The faeces production of six animals of the LF/LC, LF/HC, HF/HC, LF/
LGOS, LF/HGOS and HF/HGOS groups was recorded for a 7 day period (week 30). The animals were checked for clinical signs regularly. Animals showing ill health were killed and autopsy was performed.
Autopsy, histology and histopathology
Nine months after the start of the experiment all animals were killed by exsanguination from the abdominal aorta under ether anaesthesia. A thorough autopsy was performed. The colon was removed, cut open longitudinally, rinsed with saline and examined for the presence of neoplastic changes. The number, size and distance from the anus of all colorectal tumours were recorded. The remaining parts of the colon were collected as Swiss rolls. The weight and pH of the caecum content were recorded. The collected tissues were preserved in a neutral aqueous phosphate-buffered 4% solution of formaldehyde, embedded in paraffin wax, sectioned at 5 µm, and stained with haematoxylin and eosin. Serial sections were made whenever necessary to expose the stalk, if present, of a tumour. The collected tissues were examined microscopically and the type of the tumours (benign or malignant) was established and recorded. Microscopic classification of the tumours was done according to the criteria described by Whiteley et al. (11) .
Labelling index
Ten animals of the LF/LGOS, LF/HGOS, HF/LGOS and HF/HGOS groups were intraperitoneally injected with bromodeoxyuridine (BrdU; Sigma), 25 mg/kg body wt, 1 h prior to killing for future determination of the BrdU labelling index (LI). Swiss rolls of the colon and colorectal adenomas from animals treated with BrdU were stained with a monoclonal antibody against BrdU (Beckton Dickinson, Mountain View, CA) and examined by light microscopy. The BrdU staining protocol included incubation of the slides in 1 N HCl at 37°C for 1 h, 0.05% pronase E (Sigma) in phosphate-buffered saline (PBS) pH 7.4, at 20°C for 10 min, 25% normal goat serum in PBS at 20°C for 10 min, anti-BrdU (diluted 1:60) at 20°C for 60 min, biotinconjugated rabbit anti-mouse antibody (diluted 1:400) at 20°C for 30 min, and peroxidase-conjugated streptavidin (diluted 1:400) at 20°C for 30 min (Dakopatts, Glostrup, Denmark). In 10 randomly selected normal colonic crypts in slides of the Swiss rolls all labelled and non-labelled nuclei were counted. In each adenoma (if present) all labelled and non-labelled nuclei in 10 randomly selected areas with a total area of 0.046 mm 2 were counted. The number of nuclei counted per area of 0.046 mm 2 ranged from 557 to 1105. The LI was expressed as the percentage of brown stained positive nuclei of the total number of nuclei counted.
Statistical analysis
The multiplicity, size and distance from the anus of the colorectal tumours, absolute and relative caecum weights, pH (for statistical analysis expressed as H ϩ concentration) of the caecum content, and BrdU LI were analysed using two-way analysis of variance (ANOVA) with factors fat and fibre. LGOS and HGOS, low and high galacto-oligosaccharide. The absolute and relative weight of the caecum content were inversely related to the fat content of the diets (P Ͻ 0.01). HC-and HGOS-fed animals showed a markedly enlarged caecum in comparison with LC-and LGOS-fed animals, respectively (P Ͻ 0.01). The fat content of the diets did not influence the pH of the caecum content. The caecum pH in animals fed the HGOS diets was statistically significantly decreased (P Ͻ 0.01). Statistics: two-way analysis of variance (ANOVA) with factors fat and fibre. LGOS and HGOS, low and high galacto-oligosaccharide. The incidence of adenomas is the percentage of adenoma-bearing animals with or without carcinoma. The incidence of carcinomas is the percentage of carcinoma-bearing animals with or without adenoma. The incidence of total tumours is the percentage of animals bearing adenoma or carcinoma or both. In the cellulose groups the incidences of adenomas and total tumours were significantly increased with an increasing fat content of the diet (P Ͻ 0.05). In the GOS groups an HF diet resulted in an increased incidence of carcinomas (P Ͻ 0.05). A HC diet increased the incidence of adenomas and resulted in a significant decrease of the carcinoma incidence (P Ͻ 0.05), whereas no effect on total tumour incidence occurred. The incidence of tumours was generally decreased in the HGOS-groups when compared with the LGOS-groups, although the differences were not statistically significant. Statistics: Pearson χ 2 test.
Effect of diet on colorectal cancer development
Levene's test was used to test whether variances among the groups were homogeneous. If Levene's test indicated homogeneous variances, the groups were compared by a one-way ANOVA for equal variances, followed if significant by pooled variance t-tests. If Levene's test indicated heterogeneous variances, the groups were compared by a one-way ANOVA for unequal variances, followed if significant by separate variance t-tests. Tumour incidences were analysed using Pearson χ 2 test. All statistical tests were performed using BMDP Statistical Software (12). A probability value of P Ͻ 0.05 (twotailed) was used as the critical level of significance.
Results
Food consumption/energy intake/terminal body weight
The experimental diets had different energy contents. Consequently, the food consumption slightly varied among the groups, since rats eat in accordance with their caloric needs (13) . Although the food consumption, as anticipated, was inversely related to the energy content of the different diets, the calculated energy intake still showed marginal differences between the groups,~10% or less (Table II) . As a result, the terminal body weights were also slightly different and in accordance with the calorie consumption (Table II) .
Faeces production
The mean faeces production per animal was markedly increased in the animals fed HC (Table III) . The lowest production was measured in the HF/HGOS group, whereas the other groups produced intermediate amounts of faeces. The faeces resulting 653 from the cellulose diets was light coloured, whereas the faeces of the GOS-fed animals was dark. It has previously been reported that feeding oligosaccharides or non-starch polysaccharides may lead to diarrhoea (14) . In the present study, the consistency of the faeces was slightly softer in the HGOS groups and normal in all other groups. Diarrhoea did not occur.
Caecum weight and pH
The caecum weights and pH are summarized in Table IV . The absolute and relative weight of the caecum content were inversely related to the fat content of the diets (P Ͻ 0.01). HCand HGOS-fed animals showed a markedly enlarged caecum in comparison with LC-and LGOS-fed animals, respectively (P Ͻ 0.01). The fat content of the diets did not influence the pH of the caecum content. The pH in animals fed the cellulose-diets varied from 6.4 to 6.6. The LGOS-diets resulted in a slightly lower pH, whereas the caecum pH in animals fed the HGOS diets was statistically significantly decreased (P Ͻ 0.01).
Incidence of colorectal tumours
The tumour yield was high with a mean incidence of 89%. The incidence of tumours per diet group is presented in Table V . The incidence of adenomas is the percentage of adenoma-bearing animals with or without carcinoma. The incidence of carcinomas is the percentage of carcinoma-bearing animals with or without Fig. 1 . The multiplicity of the tumours, expressed as the mean number ( Ϯ SEM) of tumours per tumour-bearing animal. The HC diets resulted in an increase of the multiplicity of adenomas (P Ͻ 0.01) and total tumours (P Ͻ 0.01), but in a decrease of the carcinoma multiplicity (P Ͻ 0.01). In the HGOS-fed animals the multiplicity of adenomas, carcinomas (P Ͻ 0.01) and total tumours (P Ͻ 0.01) was significantly decreased. LF, MF and HF, low, medium and high fat; LC, HC, low, high cellulose; LGOS, HGOS, low, high galacto-oligosaccharide. Statistics: analysis of variance with factors fat and fibre. LGOS and HGOS, low and high galacto-oligosaccharide. The mean size of carcinomas and total tumours was significantly (P Ͻ 0.05) decreased in the HC-and HGOS-fed animals when compared with the LC-and LGOS-fed animals, respectively. Statistics: two-way analysis of variance (ANOVA) with factors fat and fibre.
adenoma. The incidence of total tumours is the percentage of animals bearing adenoma or carcinoma or both. In the cellulose groups the incidences of adenomas and total tumours were significantly increased with an increasing fat content of the diet (P Ͻ 0.05). The carcinoma incidence was also elevated, but the increase did not reach the level of statistical significance. An HC diet increased the incidence of adenomas and resulted in a 654 significant decrease of the carcinoma incidence (P Ͻ 0.05), whereas no effect on total tumour incidence occurred. In the GOS groups an HF diet resulted in an increased incidence of carcinomas (P Ͻ 0.05), but not of adenomas or total tumours. The incidence of tumours was generally decreased in the HGOSgroups when compared with the LGOS-groups, although the differences were not statistically significant. 
Multiplicity of colorectal tumours
The multiplicity of the tumours, expressed as the mean number of tumours per tumour-bearing animal, is presented in Figure 1 . When compared with the LF diets, the HF diets resulted in increased multiplicity of adenomas (P Ͻ 0.01) and total tumours (P Ͻ 0.01) in the cellulose-fed animals. The HC diets resulted in a significant increase of the multiplicity of adenomas (P Ͻ 0.01) and total tumours (P Ͻ 0.01), and in a significant decrease of the carcinoma multiplicity (P Ͻ 0.01). In the HGOS-fed animals the multiplicity of adenomas, carcinomas (P Ͻ 0.01) and total tumours (P Ͻ 0.01) was significantly decreased.
Size of colorectal tumours
The mean size of adenomas, carcinomas and total tumours are presented in Table VI . The amount of cellulose or GOS in the diets did not influence the mean size of the colorectal adenomas found at autopsy. However, the mean size of carcinomas and total tumours was significantly (P Ͻ 0.05) decreased in the HCand HGOS-fed animals when compared with the LC-and LGOSfed animals, respectively. The amount of dietary fat did not affect the size of the tumours.
Location of colorectal tumours
Most tumours were found in the distal two-thirds of the colon. The location of carcinomas was slightly more al than the location of the adenomas in all groups. In general, the location of the tumours was neither influenced by the amount of dietary fat, nor by the type or amount of dietary fibre.
Labelling index (LI)
The LI measured in normal colonic crypts and in adenomas are presented in Table VII . The LI in the adenomas was considerably higher than in the normal colonic crypts. The LI in normal colon crypts was slightly higher in animals fed an HGOS diet compared with animals fed an LGOS diet, but the difference was not statistically significant. An HF diet resulted in a statistically significantly increased LI in colon crypts when compared with an LF diet. In the adenomas the LI in the HF groups was higher than in the LF groups, and in the HGOS groups lower than in the LGOS groups, but these differences were not statistically significant.
Discussion
This paper describes the effect of dietary cellulose and GOS on the development of chemically induced colorectal cancer in rats fed diets with different levels of fat. The most important finding 655 was that GOS was highly protective against the development of colorectal tumours, as was demonstrated by an inhibitory effect on tumour incidence, multiplicity and size, irrespective of the fat content of the diet. GOS is readily fermented in the caecum. The main fermentation products are short chain fatty acids (SCFA), such as acetate, propionate and butyrate, which are responsible for the observed decreased caecal pH. At a low pH the formation of secondary bile acids, which are cytotoxic and are thought to enhance carcinogenesis, is inhibited and their solubility is decreased (15) (16) (17) . Butyrate has been shown to suppress colorectal tumour formation (18) , to protect the colonic epithelium from dysplastic change, and to stimulate cell differentiation, induce apoptosis, and decrease proliferation of colonic cells in vivo and in vitro (19) (20) (21) (22) (23) (24) . The BrdU LI in normal colonic crypts was slightly increased in animals fed an HGOS diet. However, in adenomas from HGOS-fed animals the LI was lower when compared with those from LGOS-fed animals, which points to an inhibitory effect of GOS on proliferation of tumour cells, most probably via the formation of short chain fatty acids. Gibson et al (22) also has found that normal colonic cells may react differently to butyrate than colonic tumour cells. Other investigators have reported that oligosaccharides may promote the growth of beneficial gut microflora, such as bifidobacteria and lactobacillus (25, 26) . This phenomenon may also, at least in part, be responsible for the protective effect of GOS. In this study, GOS has been shown to behave like a fibre and perfectly fits in the broader definition of dietary fibre.
The faeces production was markedly increased in the animals fed HC diets, when compared with the other groups. This can be explained by the fact that cellulose leaves the body practically unaltered. Moreover, since cellulose contributes very little to the energy content of the diet, the animals have to eat more to meet their caloric requirements. Therefore, diets with an HC content result in enlargement of the caecum and faeces bulking. This is clearly demonstrated by comparison of the mean food consumption and faeces production in the LF/LC group with those of the LF/HC group (Tables II and III ). In the LF/HC group both the mean daily food consumption and the daily faeces production were 3 g higher than in the LF/LC group. Faeces bulking is one of the mechanisms thought to have a protecting effect in colorectal carcinogenesis. The protecting effect is ascribed to binding and dilution of carcinogens, and by shortening of the faecal transit time (27) . Although faeces bulking was a convincing result in the present study, it did not seem to have a protecting effect on the development of colorectal tumours. This was rather surprising since previous studies have shown an inhibitory effect of cellulose on the development of colorectal cancer (28) (29) (30) . The multiplicity data, however, indicate that the development of carcinomas was inhibited in the HC-fed rats. Some investigators state that most carcinomas arise de novo from the mucosa (31), the work of others support the hypothesis of an adenoma-carcinoma sequence (32) . Carcinomas probably develop in both ways. Nevertheless, the fact that in the present study the multiplicity of adenomas in the HC fed animals was increased suggests that the decreased multiplicity of carcinomas may have been due to an inhibited formation of carcinomas from adenomas. The decreased size of carcinomas and total tumours in HC-fed animals is also indicative for an inhibitory effect on the growth of these tumours.
Unlike in HC-fed animals, the enlargement of the caecum in HGOS-fed animals most probably occurs mainly because of water-binding properties of GOS. Resorption of the water in the colon results in normal amounts of faeces in these rats.
The promotional effect of dietary fat on carcinogenesis has been widely recognized and was confirmed in the present study. This effect is partly ascribed to the high caloric density of fat, because animal experiments have clearly shown a significant reduction of tumour formation (33, 34) and development of preneoplastic colonic aberrant crypt foci (35) in animals kept on a calorie restricted diet. Other mechanisms may also play a role, for instance, dietary fat may modulate the activation of protein kinase C (36) or elevate the levels of secondary bile acids (37) . Although the differences in calorie intake between the experimental groups were quite small, they cannot completely be discounted as factors responsible for the lower cancer rate in the HGOS fed animals. However, the animals fed a HC diet had the same reduced calorie intake, but in these animals the cancer rate was unaffected or even slightly enhanced. Therefore, the reduced cancer rate in the HGOS fed animals cannot be solely ascribed to a reduced calorie intake.
From the results of the present study it may be concluded that dietary cellulose, despite marked faeces bulking, either had no effect or an enhancing effect on the formation of colorectal tumours, although the development of carcinomas was decreased, possibly through an inhibited formation of carcinomas from adenomas. Furthermore, it can be concluded that GOS is highly protective against the development of colorectal tumours, as was demonstrated by an inhibitory effect on tumour incidence, multiplicity and size, regardless of the fat content of the diet. GOS may be a valuable functional food with a high potency to decrease the risk to develop colorectal cancer.
